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Coil arrangement with variable inductance 



The invention relates to a coil arrangement whose inductance can be varied by a control cur- 
rent. 

Coil arrangements with variable inductance are used in power engineering and telecommuni- 
cations applications. One such use of coils with variable inductance is in the area of switching 
power supplies in order to adapt the energy transfer taking place in the high-frequency range 
to changing load requirements. 

The earliest means of varying the inductance of a coil was by mechanically changing the po- 
sition of an iron core, or a ferrite core, in the coil. Such a change in the inductance of a coil 
was made, for example, for a one-time alignment of an oscillating circuit. However, as soon 
as the variable inductance of the coil is to be used as an element in a control loop, it must be 
possible to vary the inductance of the coil as fast as possible by means of an electric signal. 
To realize such electrically controlled inductance, the effect in which the relative magnetic 
permeability of ferro and ferromagnetic materials decreases together with the magnetic flux 
density in the material can be employed. Based on this principle, numerous coil arrangements 
have been proposed in the past which, by means of a current in a control coil, cause a mag- 
netically highly permeable coil core to be pre-magnetized and in this way control the induc- 
tance of the working winding, also positioned on the coil core. 

One of the first publications on this is U.S. Patent 2,229,952 from Whiteley and Ludbrook 
with the title "Magnetic Amplifier 55 dated 1941. The coil described here features an EE core 



which carries a control winding on its center leg and working windings on its outer legs. A 
DC current flows through the control winding thereby generating a magnetic flux in the EE 
core which is distributed to all three legs. The core material is pre-magnetized by the current 
flowing through the control winding. By means of this pre-magnetization, the effective per- 
meability of the core material is changed and thus also the inductance of the working wind- 
ings. 

With an increasing control current and the resulting decreasing permeability, the magnetic 
flux flow characteristics deteriorate for the high-frequency flux in the outer legs generated by 
the outer windings so that strong electromagnetic interference emissions are produced espe- 
cially in the areas of low inductance. 

A disadvantage of these and similar arrangements known from the prior art lies in the fact that 
the AC voltage established at the working windings is transmitted to the control coil which 
results in a deterioration of the electrical characteristics of the arrangement. Added to this is 
the fact that in many applications, the control coil has a much greater number of turns than the 
working coils, which goes to intensify the problem. 

This disadvantage is known in the prior art and attempts have been made to overcome it. In 
British Patent Application GB 2 195 850 Al it was suggested to connect a capacitor in paral- 
lel to the control winding. To avoid this problem, in U.S. Patent 6,317,021 it was suggested 
that a parallel connection of working windings be provided. The first method has the disad- 
vantage of additional losses due to a short-circuit current in the control winding. In the solu- 
tion offered by U.S. Patent 6,317,021, the working windings are connected in such a way that 
the magnetic fluxes for the control winding generated by these windings cancel each other 
out. The flux cancellation (flux annihilation) in the control winding, however, only appears 
when the magnetic conductance in the outer legs and the center leg for both sides of the EE 
core is the same. However, the parasitic air gaps on the faces of the two halves of the EE core 
- an unavoidable result of the manufacturing process - are often the cause of asymmetries in 
magnetic conductance. In accordance with U.S. Patent 6,317,021, an appropriate cross- 
sectional relationship between the core legs for the working and control coils determines 
whether the center leg is also saturated thus effecting a change in inductance in the control 
coil as well. To avoid the center leg, which carries the control winding, being more quickly 



saturated than the outer legs when the saturation current increases, the US patent suggests that 
the center leg has a cross-section which is at least double as large as the cross-sections of each 
of the outer legs. 

A major disadvantage of all arrangements based on EE cores lies in the fact that for high satu- 
ration degrees a significant proportion of the magnetic field of the working coils leaves the 
now low permeable core and EMC-related interference fields are created. This is particularly 
the case for applications with very strong high-frequency currents in the working windings, 
for example, when the controllable inductance is used as a reactive multiplier to regulate the 
output in switching power supplies. 

Another basic problem in using EE cores is created by the unavoidable parasitic air gaps at 
the contact surfaces of the two halves of the core. These create different magnetic conduc- 
tances for the flux line channels through the two working windings and thus different pre- 
magnetizations. This results on the one hand in significant tolerances for the adjustable in- 
ductance range of the coil configuration, on the other hand, inductance differences between 
the windings of the working coils appear. The latter means that the coil configuration con- 
ducts the positive and negative half-waves of the signal differently at the working coils. 

It is therefore the object of the invention to provide a coil arrangement with variable induc- 
tance which has a large control range and generates low electromagnetic interference, 
whereby the heat loss of the coil arrangement is to be kept low. These characteristics are par- 
ticularly relevant for switching power supplies with high power density. 

This object has been achieved by a coil arrangement with the characteristics as outlined in 
claim 1 . 

The invention provides a coil arrangement with variable inductance having two separate 
toroid coils which carry working windings, as well as a control winding which encompasses 
the two wound toroid coils in order to pre-magnetize the core material of the toroid coils. In 
accordance with the invention, due to the cylindrical symmetry of the toroids and the prefera- 
bly even distribution of the working windings around the circumference of the toroids, the 
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strength of the magnetic field outside the windings is reduced considerably and this independ- 
ent of the permeability of the core. 

In the prior art, electromagnetic interference fields of controlled inductances mostly appear 
when the magnetic permeability of the core material has become low due to pre- 
magnetization since it is then that the magnet field of the coil runs increasingly outside the 
coil. Additionally, when permeability is low, coil impedance is low and the coil current espe- 
cially large. By providing evenly wound toroid coils, the interference fields outside the core 
can, however, be largely avoided. 

Since the arrangement of the present invention does not have any parasitic air gaps in the field 
line channel, their associated tolerance and asymmetry problems do not occur. In addition, the 
increased magnetic conductance, due to the non-existence of air gaps, enables improved con- 
trol of the core or a greater achievable inductance range. Moreover, the cost of manufacturing 
two toroids is less than the cost for two halves of an E core. Since according to the invention, 
the working windings encompass the entire core and not just the outer part of the legs, this 
results in a larger winding width compared to the prior art. This means that more copper per 
layer can be accommodated resulting in lower energy losses in the working windings. 

In particular, through the present invention, toroids can be employed whose symmetry and 
constant cross-sections give them optimal magnetic properties. Unwanted stray fields are re- 
duced to a minimum and the rotational symmetry ensures that all areas of the core is pre- 
magnetized to the same extent. The cores can be stacked along their rotational axis without 
forfeiting their electrical characteristics which enables a compact construction with good 
cooling properties. 

In accordance with the invention, the coil arrangement consists of at least two closed toroid 
coils. The toroid form was chosen because here the magnetic saturation of the core material 
can be achieved in a particularly beneficial manner. Rotationally symmetric toroids are supe- 
rior to the conventional EE cores known in the prior art in terms of EMC-related interference 
and the utilization of winding space. Any round toroids available on the market can be used, 
whereby the toroids preferably have a rectangular base cross-section. 
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In accordance with the invention, the coil arrangement preferably includes two toroid coils 
which are either arranged so that their axes of symmetry are in line or that they lie next to 
each other in a common plane. 

In a coaxial arrangement of the toroid coils, with axes of symmetry in line, it is also possible 
to arrange even-numbered multiples of two toroid coils along the common axis of symmetry. 
Even if the toroids are arranged in a plane, the coil arrangement is not limited to two toroids. 
It is. possible to arrange a third toroid coil in the same plane, alongside the first two toroid 
coils, whereby the three coils would then be coupled via three control windings each of which 
encompass two of the toroid coils. Since this could mean a deterioration in the electrical prop- 
erties in terms of power density and efficiency, it is more beneficial to couple an even number 
of toroid coils to each other. 

In the embodiment in which the toroid coils are arranged coaxially one above the other, the 
. windings of the control winding are preferably evenly distributed over the circumference of 
both toroid coils. This results in a particularly beneficial, even pre-magnetization of the core 
material. 

Each of the toroid coils is preferably wound in a single layer with its working winding. This 
allows the copper losses caused by the high-frequency current to be kept low. 

Each working winding can be formed from a single insulated wire, a group of parallel, non- 
twisted single insulated wires or from a litz wire consisting of twisted single insulated wires. 
If single wires are used, the diameter of the wire is preferably limited to a maximum of three 
times the skin effect penetration depth. To ensure minimum energy losses, i.e. copper losses, 
the effective copper cross-section of the windings should be as large as possible. Thus in 
terms of energy losses, the thickest possible wire should be chosen. However, when an AC 
current is employed, due to the skin effect, the area of the winding wire which is much further 
away than the skin effect penetration depth from the surface of the wire becomes largely inef- 
fective. A winding wire which is thicker than three times the skin effect penetration depth 
would thus be unsuitable in terms of energy efficiency and material utilization. 



The skin effect penetration depth 5 for copper wire at realistic working temperatures can be 
calculated approximately as follows: 



S[mm]~ — ' 

In accordance with the invention, each working winding is distributed as evenly as possible 
over the circumference of the respective toroid coil. As mentioned, the winding is preferably 
in a. single layer. To minimize heat loss, the winding width of the toroid, which represents the 
inner toroid circumference, should be utilized as fully as possible. Should the working wind- 
ing have a number of turns which will not cover the full winding width of the toroid, it is use- 
ful to divide the working winding into part windings and to connect these in parallel. This 
also ensures that the current flow will be distributed evenly over the core in order to thus sup- 
press external magnetic interference fields. 

In place of a single wire or parallel single wires, the working winding can also take the form 
of a twisted, high-frequency litz wire. For high-frequency litz wire, the diameter of the indi- 
vidual wires in the litz wire should be less than the single skin effect penetration depth. 

The working windings of the two toroid coils can be connected in parallel or in series. In ei- 
ther case, the circuitry of the working winding should be chosen in such a way that when a 
current flows through the working windings, the directions of the magnetic fields created by 
them in the control coil should point in the opposite direction to each other so that no current 
is induced in the control winding by the working winding. Any interaction between the 
working windings and the control windings is thus impossible. 

Any currents induced in the control winding stemming from the working windings can gener- 
ate interference in the control winding, and in power engineering applications they also cause 
additional unwanted heating in the control winding. At the same time, due to such interaction, 
energy is transferred from the working windings to the control winding which results in the 
quality of the coil arrangement being reduced. If there is no interaction between the control 
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winding and the working winding, then no interference occurs in the working windings during 
flow changes through the control winding. 

Combinations of series and parallel connections can also be provided. 

The cores are preferably made of the same material so that at an appropriate pre- 
magnetization level all the cores react with the same effective permeability. 

The invention is described in more detail below on the basis of preferred embodiments with 
reference to the drawings. The figures show: 

Fig. 1 a schematic view of the layout of a coil arrangement with variable inductance accord- 
ing to the prior art; 

Fig. 2A, 2B, 2C a view from above, a side view and a schematic perspective view of a 
coil arrangement with variable inductance in accordance with a first embodiment of 
the invention; 

Fig. 3 a view from above of a coil arrangement with variable inductance in accordance with a 
second embodiment of the invention; 

Figure 4 and 5 a schematic view of the circuitry of the windings of the coil arrange- 

ment presented in the invention connected in parallel and connected in series respec- 
tively; and 

Fig. 6 a schematic view of the circuitry of a working winding of a toroid coil which is di- . 
vided into several part windings. 

Figure 1 shows a coil arrangement with variable inductance according to the prior art con- 
sisting of an EE core 10 with a center leg 12 and two outer legs 14, 16. Each of the two outer 
legs carry a working winding 20, 22 which are connected in parallel to each other. The center 
leg 12 has a larger cross-section than the outer legs 14, 16 and carries a control winding 24. A 
control current 30, which essentially has no AC current portion, flows through the control 
winding 24. The control current generates a control flux 32 which, according to the magnetic 



coupling, is distributed 32a, b evenly across the two outer legs 14, 16, and there generates the 
pre-magnetization dependent on the control current 30. Due to the anti-symmetric winding 
direction of the outer working windings 20, 22, the two fluxes 34a,b generated in the outer 
legs produce opposite fluxes 34a,b of the same amount in the center leg 12 so that they are 
canceled out there. This means that there is no interaction between the outer working wind- 
ings 20, 22 and the control winding 24. Due to the pre-magnetization generated in the outer 
working windings 20, 22 by the control winding 24, these outer working windings have a- 
variable inductance I va r dependent on the control current 30. 

Fig. 2A and 2B show respectively a view from above and a side view of a coil arrangement 
with variable inductance in accordance with a first embodiment of the invention. The coil 
arrangement includes two toroids 40, 42 having the same dimensions which are arranged co- 
axially next to each other so that their axes of symmetry, schematically indicated in fig. 2A by 
a cross 44, are in line with each other. The toroids 40, 42 preferably have a rectangular base 
cross-section which can be seen more readily in fig. 2C. The toroids are made from a ferro or 
ferromagnetic material. Each toroid 40, 42 carries a working winding 46 or 48, of which only 
one, 46, can be seen in fig. 2A. A control winding 50 is wound around both the wound toroid 
coils 40, 46 and 42, 48. The working windings 46, 48 are preferably wound in a single layer 
around their associated toroids 40, 42, whereby the winding width should be utilized as fully 
as possible. The control winding 50 is also evenly distributed around the circumference of 
both the toroids 40, 42 to achieve optimal guidance of the pre-magnetized field and homoge- 
neous control of the core. This results in a maximum controllable inductance range. In addi- 
tion, interference fields, which might be generated by fast changing control signals in the 
control coil 50, are suppressed towards the outside. 

Depending on the application, the working windings 46, 48 can be connected electrically in 
parallel or in series. The winding direction of the working windings 40, 42, however, should 
be so chosen that for the magnetic fields Bx and By, which are generated by the windings 46, 
48 through which the current flows, opposing magnetic field directions are established in the 
common control coil 50 of both toroids. In fig. 2B, the magnetic field directions for the 
working winding 46 are marked with Bx, for the working winding 48 with By and for the 
control winding 50 with Be. By using an appropriate circuitry for the working windings 46, 
48, a feedback effect of the magnetic fields generated by the working windings on the control 
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winding 50 can be minimized or even avoided. A control DC current is sent through the 
common control winding 50 which can change and in particular reduce the magnetic perme- 
ability of the toroids 40, 42 and thus the inductance of the working windings 46, 48. In prac- 
tice, the working windings 46, 48 are operated using a high-frequency AC current. 

In the illustration in fig. 2B, both the toroid coils 40, 46 and 42, 48 are arranged with common 
rotational axes but at a distance from each other in order to illustrate the coil windings more 
clearly. In practice, however, the two coils can also be arranged close together next to each 
other. Whereas the working windings 46, 48 should be wound as far as possible evenly and 
densely in a single layer on core 40 or 42, the requirements for winding the control coil 50 are 
less strict. Although its windings should also be distributed around the circumference of both 
coil cores 40, 42, the distribution need not be even. It is also not important if the winding is in 
a single or several layers. 

The evenly wound coil geometry is inherently self-shielding and prevents magnetic stray 
fields from escaping from the cores 40, 42. EMC-related stray fields are thus prevented. A 
more even magnetization is also achieved compared to the arrangements in the prior art. 

Fig. 2C only serves to explain the embodiments in fig. 2A and 2B, whereby the working 
windings 46, 48 and the control winding 50 are only depicted schematically in order to illus- 
trate how the toroids 40, 42 and the windings 46, 48, 50 are arranged in relation to one an- 
other. In practice, the working windings 46 and 48 as well as the control winding 50 are pref- 
erably distributed around the circumference of the toroids 40, 42, as explained above. 

Fig. 3 schematically depicts another embodiment of the coil arrangement in accordance with 
the invention seen from above. In the embodiment shown in fig. 3, the coil arrangement in- 
cludes a first toroid 52 as well as a second toroid 54 each of which carry a working winding 
56 or 58. The working windings 56, 58 should be wound evenly distributed around the cir- 
cumference of the toroids 52 or 54. However, they are preferably wound in a single layer 
evenly around the full circumference of the toroids 52, 54, as illustrated in fig. 2A and 2B for 
the first embodiment. The two toroids 52, 56 and 54, 58 are arranged next to each other in one 
plane, whereby a control winding 60 is only wound around a narrow portion of the circumfer- 



ence of the two toroids 52, 54, where they touch each other. The advantage of the arrange- 
ment shown in fig. 3 is found particularly in its flat design and the large surface which is ad- 
vantageous for cooling the coil arrangement. 

In fig.. 2B and 2C, in fig. 3 as well as in fig. 4 and 5, the working windings are also marked 
with X and Y, and the control winding is marked with C. The terminals of the working 
windings X and Y can be connected in parallel as shown in fig. 4, or in series as shown in fig. 
5. Fig. 4 and 5 also show the interaction between the working coils X, Y and the control coil 
C. An appropriate circuitry for working coils X and Y and choice of its winding direction en- 
sures that the magnetic fields Bx and By generated by the working coils are aligned in such a 
way that they cancel each other out in their common control coil C, in order to prevent a 
feedback effect of the magnetic fields generated by the working windings from influencing 
the control winding. 

As described above, the working windings 46, 48; 56, 58 should be distributed in one layer 
around the circumference of the toroids 40, 42 or 52, 54 in order to keep the copper losses 
caused by the high-frequency current that moves through the working winding as low as pos- 
sible. The diameter of the wire is limited to a maximum of three times the skin effect penetra- 
tion depth. 

Moreover, to minimize heat loss, the winding width should be utilized as fully as possible. In 
other words, the winding space, i.e. the inner circumference of the toroid coils should be filled 
as much as possible with copper in order, to achieve maximum efficiency. If the working 
windings 46, 48; 56, 58 do not have a sufficient number of turns, it is useful to divide these 
into part windings which are connected in parallel. Fig. 6 shows the division of a working 
winding 62 into four part windings 63, 64, 65, 66 which are connected in parallel. 

For a given number of turns N (e.g. N = 4), the number of part windings connected in parallel 
is determined by first determining a real number m from the inner toroid circumference Uj 
and the skin effect penetration depth 5, whereby m is then rounded up to the nearest whole 
number M. Since the wire diameter is to be limited to three times the skin effect penetration . 
depth, as mentioned above, a factor 3 is introduced to take this three times the skin effect. 
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penetration depth into account. Additionally, a factor 0.9 is also introduced which takes ac- . 
count of the fact that in the practical realization of a wound toroid coil the full winding width 
is not 100% available. This results in the following formula for the real number m: 

0.9 ^ 

m = 

3-5-N 

Thus, depending on the number of turns N of the respective working winding, M part wind- 
ings are preferably provided on each toroid and connected in parallel as depicted in fig. 6. 

The corresponding wire diameter d that should preferably be used, results as follows: 

NM 

In place of a single wire or several parallel single wires, twisted high-frequency litz wire can 
also be used for the working windings, whereby the diameter of the individual wires have to 
be adapted accordingly and are preferably smaller than the single skin effect penetration 
depth. 

The characteristics revealed in the above description, the figures and the claims can be im- 
portant for the realization of the invention its various embodiments both individually and in 
any combination whatsoever. . 
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